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Abstract
The CUORE (Cryogenic Underground Observatory for Rare Events) experiment will search for neutri-
noless double beta decay of 130Te. With 741 kg of TeO2 crystals and an excellent energy resolution of 5 keV
(0.2%) at the region of interest, CUORE will be one of the most competitive neutrinoless double beta decay
experiments on the horizon. With ﬁve years of live time, CUORE projected neutrinoless double beta decay
half-life sensitivity is 1.6× 1026 y at 1σ (9.5× 1025 y at the 90% conﬁdence level), which corresponds to an
upper limit on the eﬀective Majorana mass in the range 40–100 meV (50–130 meV). Further background
rejection with auxiliary light detector can signiﬁcantly improve the search sensitivity and competitiveness
of bolometric detectors to fully explore the inverted neutrino mass hierarchy with 130Te and possibly other
double beta decay candidate nuclei.
1. Neutrinoless double beta decay
The nature of massive neutrinos, i.e, whether neutrinos are their own anti-particles, is of fundamental
importance to understand the origin of neutrino mass, and in a broader sense, to explore the symmetries of
lepton sector (c.f. [1]). Neutrinoless double beta decay (0νββ) is the only practical probe to the nature of
neutrino (c.f. [2, 3]).
Within the Standard Model, double beta decay with two daughter neutrinos (2νββ) (Z, A)→ (Z + 2, A)+
2e−+2ν¯e is an allowed 2nd-order weak process and observed in a dozen or so isotopes where the single beta
decay is energetically forbidden or kinematically suppressed. If neutrinos are their own antiparticles (called
Majorana particles), the ν¯e from one single beta decay may undergo helicity ﬂipping and get absorbed in the
second beta decay vertex as a νe, which results no neutrino emission and lepton number violation (LNV):
(Z, A)→ (Z + 2, A) + 2e−. In fact, 0νββ is by far the most realistic mechanism of all the LNV processes [4],
which highlights the impact of 0νββ beyond neutrino physics.
For 0νββ with the exchange of the light Majorana neutrinos, the decay rate Γ is:
Γ = G0ν(Q)|M0ν|2 |〈mββ〉|
2
m2e
, (1)
where , and G0ν(Q) is phase space factor, M0ν the nuclear matrix element, me the electron mass, and |〈mββ〉|
the eﬀective Majorana neutrino mass. G0ν(Q) is proportional to the 5th order of decay Q-value and can
be accurately calculated [5]. Diﬀerent model calculations of M0ν may disagree by a factor of 2 to 3 and
introduce large spread of |〈mββ〉| [6, 7, 8, 9, 10, 11, 12]. The eﬀective mass |〈mββ〉| correlates 0νββ with
neutrino mixing parameters closely: |〈mββ〉| = ∑3i=1 U2eimi, where Uei are the elements in the ﬁrst row of
the neutrino mixing PMNS (Pontecorvo-Maki-Nakagawa-Sakata) matrix [13, 14] and mi the three neutrino
mass eigenvalues [1]. Current generation of 0νββ experiments, running or under construction, are generally
sensitive to mββ in the range of 50 to 200 meV, while next generation experiments aim to cover the inverted
hierarchy parameter space whose lower boundary is about 10 meV.
Experimentally, 0νββ experiments measure the energy of the two emitting electrons and search for a peak
at the decay Q-value in the summed electron energy spectrum. Currently, more than 10 experiments world-
wide aim to search for 0νββ utilizing techniques such as ionization, scintillation, thermal excitation, or some
combination of those. For searches for 0νββ with half-lives longer than 1024 years, stringent requirements
on parent isotope mass, detector energy resolution, and background rate are all critical. The commonly
accepted ﬁgure of merit expression for the half-life limit of 0νββ is
T 0ν1/2 ∝ η · a ·
√
M · t
b · ΔE , (2)
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Fig. 1: (a) A schematic setup of typical bolometers. L is weak thermal link between the crystal and the
thermal bath. (b) A similar schematic set for bolometers with an auxillary thin-slab bolometer on top to
measure the light output. The light can come from either Cherenkov radiation or scintillation.
for background-limited case, where η is the physical detector eﬃciency, a the isotopic abundance of the
0νββ candidate, M the total detector mass, t the detector live time, b the background rate per unit detector
mass per energy interval, and ΔE is the energy resolution of the detector [15]. For the background free (or
signal-limited) searches, the half-life limit is proportional to the exposure M · t:
T 0ν1/2 ∝ η · a · (M · t). (3)
The detector energy resolution ΔE does not appear in the equation above, but the “background-free” criteria
impose strict requirement on energy resolution and background rejection of a speciﬁc experiment.
CUORE search for 0νββ of 130Te using a large bolometer array of TeO2 crystals. 130Te is an attrac-
tive choice as 0νββ emitter for a couple of reasons. The natural isotopic abundance of 130Te (34.2%) is
highest among all the 0νββ candidate isotopes [16], and therefore no isotopic enrichment is necessary for
CUORE. The decay Q-value is measured to be around 2528 keV [17, 18, 19], which is higher than most
naturally occurring γ-ray background. The relatively high Q-value also means favorable phase space factor
in Equation 1. The previous half-life limit of 130Te was established by the CUORE predecessor experiment
Cuoricino at 2.8 × 1024 y (90% C.L.) [20].
CUORE bolometer array features large detector mass and excellent energy resolution at region of interest
(ROI). In this article, we review the advantages of bolometric technique in searching for 0νββ and give an
update on latest CUORE progress. CUORE sensitivity will be limited by background, most of which are
α particles from the surface of detector materials and nearby copper thermal shielding. Therefore, future
generations of bolometer array, such as the Inverted Hierarchy Explorer (IHE) discussed in [21], focus on
background suppression by detecting photon as well as the phonon signal. The photon signal comes either
from Cherenkov radiation or scintillation of 0νββ emitting electrons. Section 4 discusses the physics and
sensitivity in searching for 0νββ of 130Te and other candidate isotopes at the IHE.
2. CUORE bolometric technique to search for 0νββ
2.1. Bolometer design
A cryogenic bolometer measures energy release in an absorber via its temperature rise. As shown in
Figure 1a, the temperature rise is usually picked up by a sensitive thermal sensor attached on the absorber.
Because the extremely low phonon excitation energy at cryogenic temperature, the intrinsic sensitivity and
resolution of bolometers are unparalleled to any other types of energy detection mechanism. For example,
at 10 mK, the thermal phonon energy is about 1 peV, comparing to ∼ 3 eV of an electron-hole pair in
semiconductors.
Bolometers for 0νββ searches have massive absorber to maximize the number of the candidate nuclei
in it. To minimize the heat capacity of the absorber, dielectric crystals are usually the choice of absorber.
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Thermal sensors are of many diﬀerent types [22], the most widely used of which are resistive sensors
(i.e. thermistors) such as Neutron Transmutation Doped (NTD) germanium thermistor and superconducting
Transition Edge Sensor (TES). Microwave Kinetic Inductance Devices (MKIDs) and metallic magnetic
sensors have gained popularity in recent years for low temperature detector application.
2.2. The CUORE experiment
The CUORE bolometer array will consist of 988 independent TeO2 crystal modules arranged in 19 tow-
ers (Figure 2a). Each tower has 13 ﬂoors with 4 modules on each ﬂoor in a two by two conﬁguration. The
main component of each module is a 750 g, 5-cm cubic TeO2 crystal grown from natural tellurium. The
crystals were manufactured by the Shanghai Institute of Ceramics, Chinese Academy of Sciences with ma-
jor input from the CUORE collaboration on quality and radio purity control [23]. The total detector mass
is 741 kg and 130Te isotope mass is 206 kg. The NTD Ge thermistor on each module is 3 × 3 × 1 mm3 and
features good reproducibility, excellent stability and low noise. The thermistors follow nicely the Mott’s law
R = R0 exp(
√
T0/T ) [24], where T0 ∼ 4 K and R ∼ 1 Ω. Besides the thermal sensor, each bolometer module
is also instrumented with a Joule heater, which is used to inject a time-tagged, ﬁxed amount of energy in the
bolometer for oﬄine thermal gain correction.
The Full Width Half Maximum (FWHM) resolution at ROI is expected to be 5 keV. Energy resolution of
large-mass bolometers are dominated by thermal ﬂuctuation from vibration and readout electronics. From
CUORE-0 ﬁrst phase data, we evaluate the overall detector energy resolution to be 5.7 keV, based on the
FWHM of the 2615 keV peak in the energy spectrum for 0νββ searches [25, 26]. Recently, we have reduced
the vibration from the CUORE-0 cryostat and saw noticeable improvement in the energy resolution. It
should be also noted that CUORE-0 has been running at a base temperature range 13–15 mK, higher than
expected CUORE base temperature at 10 mK. In our R&D runs, when the bolometers were operated below
13 mK, we consistently achieved energy resolution below 5 keV [27].
The projected background rate at ROI is 0.01 counts/keV/kg/y, which is mainly from surface and bulk
contaminations of the bolometer components and the innermost copper thermal shield. Surface-related
background, mainly α particles originated from the copper surface is 1–2×10−2 counts/keV/kg/y, based
on Monte Carlo simulations with the latest results of CUORE-0 [28]. Background contribution from bulk
contamination, predominately γ events from 208Tl, is expected to be less than 6×10−3 counts/keV/kg/y (90%
C.L.) [28].
CUORE will be situated at the LNGS underground facility at an average depth of 3650 m water equiva-
lent, where the muon ﬂux is (2.58 ± 0.3) × 10−8 μ/(s · cm2), about six order of magnitude smaller than that
of sea level [29]. The CUORE cryostat will be surrounded by borated polyethylene, boric-acid powder, and
lead bricks to attenuate neutron and γ-ray backgrounds. More lead shielding is added inside the cryostat, in-
cluding ancient Roman lead [30] to further suppress the γ-rays. We ﬁnd the expected environmental muon,
neutron, and γ background rates in the ROI to be orders of magnitude smaller than the α and γ backgrounds
from the experimental apparatus itself [31, 32].
CUORE sensitivity is limited by the background and follows Equation 2. A more rigorous sensitivity
projection based on Poissonian background ﬂuctuation shows that CUORE projected half-life sensitivity is
1.6 × 1026 y at 1σ (9.5 × 1025 y at the 90% C.L.) [15], which corresponds to an upper limit on the eﬀective
Majorana mass in the range 40 –100 meV (50 –130 meV). The lower and upper bound of mββ is calculated
with the most and least favorable NME [6, 7, 8, 9, 10, 11, 12].
2.3. Additional advantage of bolometer for 0νββ search
Typically we categorize searches for 0νββ into two groups by the relation of 0νββ source and detector.
One common approach is to implement a detector with candidate isotope inside. For example, GERDA uses
semiconductor 76Ge-enriched germanium diode to search for 0νββ of 76Ge [33]. The “source in detector”
approach has the advantage of high detecting eﬃciency. The other approach emphasizes on the ﬂexibil-
ity of 0νββ source choices by separating the source from detection, the typical example of which is the
NEMO3/SuperNEMO project [34].
Bolometric technique combines the beneﬁts of high eﬃciency and ﬂexibility of candidate isotope choice.
For large-mass bolometers such as CUORE modules, the probability of both 0νββ electrons are conﬁned
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(a) (b)
Fig. 2: (a) Schematic setup of CUORE towers. 19 towers are closely packed. Each tower has 13 ﬂoors and
4 bolometer modules on each ﬂoor. (9) CUORE cryostat with major components highlighted.
in the crystal is (87.4 ± 1.1)%. Bolometric technique puts little constraints on the absorber materials, other
than preferably dielectric for the beneﬁt of small heat capacity. Crystals such as TeO2 or ZnSe are easily
interchangeable for search of 0νββ in diﬀerent candidate isotopes. The ﬂexibility is especially useful for
conﬁrming 0νββ discoveries or cross-comparing mββ limits in diﬀerent isotopes.
3. CUORE status
Ongoing CUORE construction includes major eﬀort on bolometer array assembly, cryostat commission-
ing, detector calibration system (DCS) integration, electronics and software development.
3.1. Detector assembly
During the bolometer array assembly process, we need to turn 10000 loose parts into 988 ultra-clean
bolometer modules. All the operations are conducted in glove boxes under nitrogen atmosphere to minimize
oxidization and contamination of radon and radon progenies [35]. The assembly process starts by gluing of
thermistors and heaters to crystals with a robotic system to maintain the uniformity and repeatability of the
gluing joints. Then we assemble the instrumented crystals, cleaned copper parts, and PTFE spacers into a
tower. Along the two wire trays on opposite side of each tower, we attach two sets of ﬂexible printed circuit
board readout cables, whose top ends will be connected to the cryostat wiring later. The bottom ends of the
readout cables are terminated with copper bonding pads. In the ﬁnal step of detector assembly, we use a
wire bonder to bond the thermistors and heaters to the bonding pads to complete the electrical connections.
CUORE tower assembly began in January 2013 and will be ﬁnished by summer of 2014. As of this
writing we have glued 15 tower’s worth of crystals, physically assembled 13 towers, and wire bonded 12.
More details on CUORE detector assembly can be found in [27].
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Fig. 3: (a) Projected CUORE 1σ sensitivity to the half-life of 0νββ of 130Te as a function of detector live
time. The solid green line shows the sensitivity for the target background rate of 0.01 counts/keV/kg/y,
while the dashed blue line shows an optimistic scenario of 0.001 counts/keV/kg/y background rate. (b) The
corresponding 1σ sensitivity to eﬀective Majorana mass versus lightest neutrino mass after ﬁve years of
detector live time. The spread in the projected CUORE mββ bands arises from uncertainties in calculations
of the nuclear matrix elements used to convert a measured half-life into an eﬀective Majorana mass. The
green band labeled Δm223 < 0 denotes the inverted neutrino mass hierarchy while the red band labeled
Δm223 > 0 indicates the normal mass hierarchy. For both, the darker inner bands represent regions allowed
by the best-ﬁt neutrino oscillation parameters in the PMNS matrix, while the lighter outer bands extend to
3σ coverage. Both ﬁgures are from [15].
3.2. Cryogenics
CUORE cryogenics system cools the bolometer array and the immediate shielding, almost 7 ton of
material, to 10 mK base temperature. The system includes a large cryostat with six nested thermal shields, a
cryogen-free cooling system with ﬁve pulse-tube coolers, an auxiliary fast-cooling system for pre-cooling,
and a dilution-refrigerator unit [36].
All six copper thermal shields of the cryostat have been delivered to LNGS underground facility for
commissioning. In the ﬁrst phase of cryostat commissioning, we cooled down the outer three vessels with
three pulse tubes twice, successfully reaching 3.5 K on the 4 K plate on the second attempt [37]. The second
phase of commissioning with three inner vessels is currently ongoing. In addition to the pulse tubes and
closed-loop pre-cooling circulation lines, an auxiliary fast-cooling system circulates helium gas through the
cryostat vessels to speed up the cooling from room temperature to 4 K.
The custom-built 3He/4He dilution unit by Leiden Cryogenics was delivered in Summer 2012 after
passing in-house benchmarking. At LNGS it was tested in a small testing cryostat and successfully reached
5 mK base temperature with a cooling power of 5 μW at 12 mK. The unit will be integrated to the main
cryostat after the commissioning of the inner thermal shields.
3.3. Detector Calibration System
DCS is designed to insert and retrieve 12 radioactive source strings from the 300 K top ﬂange to the
bolometer array at 10 mK for energy calibrations every month. The main challenge is to limit the heat-
load while lowering the source strings through the successive ﬂanges with decreasing temperatures. Along
each Kevlar string, we crimp 25 thoriated tungsten sources, evenly separated by 29 mm from each other. A
motion control system on top of the 300 K ﬂange releases each string to travel down a dedicated guide tube
by its own weight. The strings are thermalized at the 4 K ﬂange to avoid over-heating the three inner cryostat
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Isotope Q-Value Crystal Exposure Background |mββ|discovery T̂ 0ν1/2 |mββ|S
[keV] [ton·y] [counts/ton/y] [meV] [1027y] [meV]
82Se 2996 ZnSe 3.3 0.1 18 - 52 2.2 11 - 32
116Cd 2814 CdWO4 4.9 0.1 24 - 45 1.5 14 - 26
100Mo 3034 ZnMoO4 2.7 1.5 24 - 69 0.65 13 - 37
130Te 2528 TeO2 3.7 0.1 17 - 43 2.6 10 - 25
Table 1: Four candidate isotopes considered for the IHE. The exposure assumes ﬁve year live time. Back-
ground rates are assumed to be 0.1 counts/ton/y except for the 100Mo case, which is higher because of 2νββ
events pile-up. Assuming neutrinos are of Majorana type, IHE would discover a signal of 5σ or larger if the
eﬀective Majorana mass is at least |mββ|discovery. T̂ 0ν1/2 and |mββ|S are 90% C.L. sensitivity to 0νββ half-life
and eﬀective Majorana mass. The range of |mββ| reﬂects the uncertainties of diﬀerent model calculations of
NME. Data from [21].
vessels. DCS was successfully tested to the 4 K ﬂange together with a commissioning cooldown of the outer
cryostat as mentioned earlier. We will further test the DCS along with future cryostat commissioning cool
downs.
3.4. Electronics, data acquisition, and analysis
The CUORE electronics will read the thermistor voltage signal to computer via the front end electronics,
high-precision 18-bit digitizers, and the data acquisition software Apollo. Each front-end channel consists
of load resistors, a detector biasing system, a two-stage ampliﬁer system with programmable gain up to
10000, and a 6-pole anti-aliasing Bessel ﬁlter with cutoﬀ frequencies in the range 15–120 Hz. We have
prepared a single chassis system with a full chain CUORE electronics for testing on a mini bolometer array
during upcoming commissioning tests of the CUORE cryostat.
The DAQ software Apollo reads in the digitized waveforms at 125 S/s, runs trigger algorithms, and
records both the continuous and triggered data on the disk for oﬄine analysis. Apollo has been used suc-
cessfully for CUORE-0 data taking [25]. Current development focuses on scaling from one DAQ computer
use case (as in CUORE-0) to a small DAQ cluster to acquire the ∼1000 channels in CUORE. Our custom-
built data analysis software framework Diana has been used extensively for analysis of Cuoricino, R&D
runs, and more recently CUORE-0. New features such as noise decorrelation [38] and browser-based data
quality monitoring are being implemented.
4. Inverted Hierarchy Explorer – bolometer with light output
Background suppression with particle identiﬁcation is the main emphasis on bolometer’s future appli-
cation in rare event searches. Additional detection channels are needed for particle identiﬁcation since the
absorber does not respond diﬀerently for energy release of diﬀerent particle types. To distinguish between
0νββ electrons and α particle background, light emission, either from Cherenkov radiation or scintillation,
can be exploited. The auxiliary light detector is usually another bolometer facing the main bolometer. The
light detector nominally consists of a thin germanium/silicon wafer as absorber and a thermal sensor of the
same type as the main bolometer.
The next generation bolometric experiment with light output, which we call Inverted Hierarchy Ex-
plorer (IHE), aims to explore the inverted neutrino mass hierarchy region at eﬀective Majorana mass mββ ∼
10 meV [21]. We have studied the sensitivities of TeO2 bolometers with Cherenkov light readout and three
scintillating bolometers ZnSe, CdWO4, and ZnMoO4, all of which are hosted in a dilution refrigerator sim-
ilar to CUORE (see Figure 2b).
The TeO2 crystal is largely transparent to Cherenkov light radiation generated by electrons with energy
larger than 50 keV [39]. Should the Cherenkov light from electrons observable, it provides a deﬁnite dis-
crimination between α backgrounds and electrons. For typical bolometer α background, their energy is an
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order of magnitude lower than the Cherenkov radiation threshold in TeO2. Cherenkov light emission in
TeO2 has been detected using a secondary light detector with modest particle identiﬁcation capability [40].
We are actively developing better light collection schemes and more importantly, light detectors with lower
threshold and better energy resolution. Future directions include new thermal sensors on the light detector,
such as TES [41] and MKIDs [42], and Luke eﬀect [43] enhanced bolometers.
A scintillating bolometer operates similarly to the Cherenkov case, but with a diﬀerent crystals and more
light output from scintillation. The particle identiﬁcation comes from the diﬀerent light yield for diﬀerent
particle type. For scintillating crystals such as ZnSe, CdWO4, and ZnMoO4, the light yield diﬀerence
between possible 0νββ electrons and α particles are well measured [44, 45, 46, 47, 48, 49, 50, 51].
IHE detector will consist of 988 bolometer modules, each with a 5-cm cubic crystal of our choice. The
detector arrangement follows CUORE design. The four bolometer modules on each ﬂoor shares a light
detector made of radio-pure germanium or silicon wafer of about 300 μm thick and 10 cm in diameter.
The crystals are wrapped in reﬂecting foils to improve the light collection eﬃciency. The natural isotopic
abundance of 82Se, 116Cd and 100Mo are all less than 10%. In IHE, we assume all 0νββ candidate isotopes
are enriched to 90%.
The physics reach of IHE for the diﬀerent 0νββ candidate isotopes are reported in Table 1 with 5 years
of live time and ΔE= 5 keV. In the table, we make aggressive assumption on background reduction and an
optimistic background index of 0.1 counts/ton/y (1.5 counts/ton/y for the ZnMoO4 case due to the pile-up
of the intrinsic 2νββ events) is assumed. More information about the background budget and eﬀectiveness
of background suppression can be found in [21]. In the last three columns of the table, we present the
minimum observable value of the eﬀective Majorana mass |mββ|discovery for a 0νββ discovery and 90% C.L.
sensitivity on half-life and |mββ|S for a null result. Assuming neutrinos are of Majorana type, IHE would
discover a signal of 5σ or larger if the eﬀective Majorana mass is at least |mββ|discovery. The 90% C.L. half-
life sensitivities are all on the 1027 y level. The TeO2 case is especially sensitive to the eﬀective Majorana
mass at 10 to 25 meV, reaching the lower boundary of the inverted mass hierarchy.
5. Conclusion and outlook
We reviewed the physics reach and current construction status of the CUORE experiment. Data taking
is expected to start in 2015. With excellent energy resolution and large isotope mass, CUORE is one of the
most competitive 0νββ experiments under construction.
Future bolometer program such as the IHE can explore the inverted mass hierarchy region to |mββ| ∼
10 meV by utilizing additional light readout to further reduce background. We described the conceptual
design of IHE and its physics impact on 130Te, 82Se, 116Cd or 100Mo 0νββ searches.
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